The small, basic, and cysteine-rich antifungal protein PAF is abundantly secreted into the supernatant by the ␤-lactam producer Penicillium chrysogenum. PAF inhibits the growth of various important plant and zoopathogenic filamentous fungi. Previous studies revealed the active internalization of the antifungal protein and the induction of multifactorial detrimental effects, which finally resulted in morphological changes and growth inhibition in target fungi. In the present study, we offer detailed insights into the mechanism of action of PAF and give evidence for the induction of a programmed cell death-like phenotype. We proved the hyperpolarization of the plasma membrane in PAF-treated Aspergillus nidulans hyphae by using the aminonaphtylethenylpyridinium dye di-8-ANEPPS. The exposure of phosphatidylserine on the surface of A. nidulans protoplasts by Annexin V staining and the detection of DNA strand breaks by TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling) gave evidence for a PAF-induced apoptotic-like mechanism in A. nidulans. The localization of reactive oxygen species (ROS) by dichlorodihydrofluorescein diacetate and the abnormal cellular ultrastructure analyzed by transmission electron microscopy suggested that ROS-elicited membrane damage and the disintegration of mitochondria played a major role in the cytotoxicity of PAF. Finally, the reduced PAF sensitivity of A. nidulans strain FGSC1053, which carries a dominant-interfering mutation in fadA, supported our assumption that G-protein signaling was involved in PAF-mediated toxicity.
A large number of small, basic, cysteine-rich antimicrobial proteins are produced by organisms throughout all kingdoms. They display a great variety in their primary structure, in species specificity, and in the mechanism of action.
Few ascomycetes secrete strongly related antifungal proteins, which do not show any sequence homology with other antimicrobial proteins, but most of these proteins exhibit structural similarities (46) : a net positive charge and numerous cysteine residues that are involved in disulfide bond formation. These properties contribute to a compact tertiary structure and a high stability against environmental impact and finally support the model of a membrane-disturbing nature. The antifungal protein PAF from P. chrysogenum and AFP from A. giganteus are the two most intensively studied peptides in the group of antifungals from ascomycetes, but the information available on their exact mechanism of action is still rather limited (32, 55, 68, 69) . PAF inhibits the growth of various important plant pathogenic and zoopathogenic filamentous fungi, e.g., Aspergillus fumigatus, A. niger, A. nidulans, and Botrytis cinerea. Previous studies revealed the induction of multifactorial detrimental effects on target organisms that include growth inhibition, reduction of cellular metabolism, severe changes in hyphal morphology, increased K ϩ efflux, and the generation of intracellular reactive oxygen species (ROS) (32, 48) . PAF was found to be actively internalized by target molds and to localize to the cytoplasm, possibly evoking deleterious effects from inside the cell (55) . This led us to the assumption that PAF may have intracellular targets and that permeabilization of microbial membranes may be a secondary effect rather than the primary cause of antifungal activity.
The accumulation of intracellular ROS can have severe impact on cells, i.e., the random oxidation of the whole range of biopolymers including proteins, lipids, nucleic acids, and the destruction of cellular membranes and organelles, such as mitochondria (12, 35) . When the accumulation of oxidative cell damages threatens basic physiological functions, programmed cell death (PCD) processes are likely to be put up to operation (45, 53, 65) . Apoptosis or apoptosis-like cell death is carefully regulated and occurs as either an inherent part of development or can be triggered by various external signals, i.e., toxins, receptor ligand binding and different kinds of environmental stress. The onset of PCD finally leads to a characteristic phenotype showing phosphatidylserine (PS) externalization, membrane blebbing, increased vacuolization, DNA and nuclear fragmentation, and apoptotic body formation. Although apo-ptosis was confined to multicellular higher eukaryotes in the past, there is increasing body of evidence that lower eukaryotes such as filamentous fungi, e.g., A. fumigatus, A. nidulans, and unicellular organisms such as yeasts, also show characteristics of apoptosis-like cell death under certain circumstances (16, 43, 51, 52) .
A. fumigatus is the most severe zoopathogen among all Aspergilli (37) , and its genes exhibit strong structural and functional similarities with those of the model organism A. nidulans (6, 21) . Nevertheless, A. fumigatus is still less well studied than A. nidulans and well-defined mutants are rare. Therefore, we used A. nidulans in the present study and show that PAFmediated toxicity evokes a complexity of physiological changes including the hyperpolarization of cellular membranes, the intracellular accumulation of ROS, disintegration of mitochondria (mitoptosis) and finally an apoptosis-like cell death. Furthermore, the PAF resistance of the A. nidulans strain fadA G203R , which carries a dominant-interfering mutation in the ␣-subunit of the heterotrimeric G protein, implies that PAF toxicity may depend on the disturbance of FadA G-protein signaling. The elucidation of the underlying mechanism by which PAF induces cell death in target fungi could be beneficial for future antifungal drug design.
MATERIALS AND METHODS
Strains and culture conditions. The following strains used in the present study were purchased from the Fungal Genetic Stock Center (University of Kansas Medical Center): wild-type (wt) FGSC A4 (veA ϩ ) and FGSC26 (biA veA1); RJH046 (argB2 biA1 pyroA4 veA1 ⌬flba::argB) and FGSC1035 (yA2 fadA G203R ), which both carry mutations in components of FadA/FlbA G-protein signaling; and FGSC33 (biA1 pyroA4 veA1) and FGSC116 (yA2), which are the corresponding control parent strains for RJH046 and FGSC1035, respectively. All strains were cultivated in YPD medium (2% peptone, 1% yeast extract, 2% glucose) at 30°C. For the preparation of protoplasts, 100 ml of minimal nitrate medium (pH 6.5) (4) supplemented with 0.5% yeast extract was inoculated with 5 ϫ 10 7 conidia. Cultures were incubated at 37°C for 16 h on an orbital shaker (200 rpm). For fluorescence staining, A. nidulans was grown overnight on glass coverslips at 30°C in YPD inoculated with 10 6 conidia/ml. Determination of antifungal activity. The antifungal protein PAF was purified from the supernatant of a 72-h culture of P. chrysogenum Q176 as described elsewhere (47) . The activity assays were performed according to the protocols of Broekaert et al. (10) and Ludwig and Boller (42) . In brief, conidia were diluted in YPD to 10 3 to 10 4 /ml in 96-well plates. Serially diluted PAF solutions were added to each well, and cell suspensions were incubated in a total volume of 200 l for various time points at 25°C (room temperature). To test the PAF activity in the presence of guanidine nucleotide analogs, 100 M GTP␥S, GDP␤S, and ATP␥S (Sigma-Aldrich, Budapest, Hungary) were added 15 min prior to the addition of the antifungal protein. Hyphal growth was determined by measuring the optical density at 620 nm in 96-well flat-bottom microplates (Greiner, Kremsmuenster, Austria) with a microtiter plate reader 340 ATC (SLT Lab Instruments, Groeding, Austria).
Potentiometric staining. The effect of PAF on the membrane potential of A. nidulans was monitored by potentiometric staining with the fluorescent dye di-8-ANEPPS (Molecular Probes, Eugene, Oreg.). Fungal conidia (10 3 to 10 4 / ml) were grown overnight in YPD medium on coverslips and washed in 2% glucose-16 mM glutamine (GG-solution) before loading with a 12 M concentration of the dye and 0.1% Pluronic F-127 detergent (Molecular Probes) in GG-solution for 20 min. Subsequently, the dye was washed away, and the specimens were treated with 0 to 10 g of PAF/ml in GG-solution for 80 min. During this time the coverslips had been mounted on the microscope chamber, and changes in fluorescence staining and intensity were monitored with a laser scanning microscope LSM 510 (Zeiss, Jena, Germany), recording fluorescence intensities excited at 488 nm and detecting emission at 560 nm (F 560 ) by using an interference filter and above 620 nm (F 620 ) by using a high-pass filter. Images were processed with the Zeiss LSM software 5.0 version or by self-written programs. The recorded images were first masked by manually selecting regions of interests (ROIs) and then the ratio (R ϭ F 620 /F 560 ) images were calculated by dividing the corresponding pixels in the ROIs. In this representation, greater R values correspond to larger negative potentials (5) . Differences in potentialdependent fluorescence emission ratios (⌬R) were calculated from signals in the first hyphal segments between the hyphal tip and the area adjacent to the first septum.
Staining with fluorescent dyes. PS externalization and DNA fragmentation were tested on protoplasts. Mycelium was harvested on sintered glass and washed with 0.6 M MgSO 4 before protoplasts were prepared according to the method of Vagvolgyi and Ferenczy (72) . A total of 4 ϫ 10 6 protoplasts were resuspended in 100 l of isotonic solution (1 M sorbitol, 10 mM Tris-HCl [pH 7.5]) and were treated with 50 g of PAF/ml. PS exposure on the protoplast surface was determined after 1 and 3 h of PAF treatment by Annexin V assay using Vybrant Apoptosis Assay Kit #2 (Molecular Probes) according to the manufacturer's instructions. To identify cells undergoing DNA fragmentation, protoplasts, which were treated for 1 h and 3 h with PAF, were subjected to TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling) by using the APO-BrdU TUNEL Assay Kit (Molecular Probes) according to the manufacturer's instructions. Necrotic cells were detected by propidium iodide (PI) staining. DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining was used to determine nuclei-containing protoplasts as described previously (51) . In all staining assays, 5,000 protoplasts were analyzed at each incubation time tested.
To detect the formation of ROS, PAF-treated hyphae were incubated in 100 l of dichlorodihydrofluorescein diacetate (H 2 DCFDA; Molecular Probes) at a concentration of 10 M in phosphate-buffered saline as described by Ezaki et al. (22) . As a control for ROS formation, hyphae treated with 5 g of nystatin/ml (hyphal wet weight) were used.
Stained hyphal specimens were visualized by fluorescence microscopy with a Zeiss (Jena, Germany) Axioplan fluorescence microscope or an LSM 510 laser scanning microscope (Zeiss), with appropriate filters: excitation/emission at 488/ 530 nm for green fluorescent Alexa Fluor Annexin V, Alexa Fluor 488 dyelabeled anti-BrdU antibody, and H 2 DCFDA; excitation/emission at 530/590 nm for red fluorescent PI; and excitation/emission at 365/450 nm for blue fluorescent DAPI.
Ultrastructural analysis. For transmission electron microscopy (TEM), 10 6 conidia were seeded in 1 ml of YPD in 24-well plates (TPP). After 24 h of incubation at 30°C, hyphae were exposed to 50 g of PAF/ml for 3 h at room temperature. Untreated hyphae were used as a control. Specimens were fixed with 2.5% glutaraldehyde in cacodylate buffer (CCB [vol/vol]; 21.4 g of sodium cacodylate ϫ 3H 2 O/liter [pH 7.3]) for 1 h at 4°C. After a wash with CCB for 10 min at room temperature, specimens were postfixed in reduced osmium tetroxide (0.5% OsO 4 and 0.75% potassium ferrocyanide in CCB) for 1 h at room temperature. After three wash steps (10 min each) mycelia were dehydrated in standard ethanol series and embedded in Spurr's low-viscosity resin (Plano, Marburg, Germany) for 18 h at 4°C. Semithin (300 nm), and ultrathin sections (50 to 90 nm) were cut with a Leica Ultracut UCT (Leica, Vienna, Austria), mounted on regular hexagonal copper grids, double stained with uranyl acetate and lead citrate, and examined with a Zeiss 902 transmission electron microscope. Statistics. All statistics were done with the Microsoft Excel program. Unless otherwise stated, the standard deviation was Ͻ10% in all experiments.
RESULTS
Heterotrimeric G-protein signaling is involved in PAF toxicity. The flbA and fadA genes encode a regulator of G-protein signaling (RGS) and a heterotrimeric G-protein ␣-subunit, respectively. Both genes control the balance between cell growth and sporulation in A. nidulans. ⌬flbA enhances intrinsic GTPase activity of G␣ subunits, which results in a negative control of intracellular signaling, and ⌬flbA mutants have been described to show "fluffy autolysis" phenotypes because they fail to make the transition from vegetative growth to conidiogenesis (40, 74, 76) . The fadA G203R mutation occurs in the guanidine nucleotide binding domain of FadA and affects the ability of the G␣ subunit to dissociate from G␤␥, which results in constitutive inactivation of heterotrimeric G-protein signaling and in reduced growth and intensive sporulation (76) .
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ing fadA G203R mutation confers resistance to PAF in the A. nidulans strain FGSC1035 (Fig. 1A) . In contrast, deletion of flbA could not save the strain RJH046 from PAF-mediated cytotoxicity (Fig. 1A ) and sensitivity to PAF was comparable to that of the wt strain and the parental strains FGSC116 and FGSC33, the latter two serving as isogenic controls for FGSC1035 and RJH046, respectively (Fig. 1A) . These results indicate that toxicity of PAF is connected to intracellular Gprotein signaling.
However, inconsistent results were obtained in the presence of the guanidine nucleotide analogs GTP␥S and GDP␤S, which both affect G-protein signaling by locking G-proteins in a GTP-bound active form and in a GDP-bound inactive form, respectively (24, 33) . A. nidulans was less sensitive to PAF treatment in the presence of 100 M GTP␥S, which stimulates G-protein signaling, than in the absence of the nucleotide analog (Fig. 1B) . In contrast, GDP␤S, which blocks G-protein signaling, was not able to neutralize the effect of PAF. The addition of ATP␥S, a nucleotide analog that does not affect G-proteins, showed no significant influence on PAF-induced growth retardation (Fig. 1B) .
PAF induces hyperpolarization of the fungal membranes. To establish whether the previously observed potassium efflux after PAF treatment (32) is due to nonspecific membrane damage or to the activation of a K ϩ specific pathway, changes in the membrane potential of PAF treated A. nidulans were measured. Although a nonspecific increase in membrane permeability should result in a depolarization, a K ϩ selective increase in permeability should lead to the hyperpolarization of the fungal membrane, which becomes evident as a shift toward more negative membrane potentials.
Changes in the membrane potential of A. nidulans hyphae due to PAF treatment were thus monitored by using the styryl dye di-8-ANEPPS, which is nonfluorescent in aqueous solution and exhibits characteristic absorption/emission maxima of 480/ 600 nm when bound to phospholipid moieties of cellular membranes. Untreated fungal hyphae accumulated the styryl dye predominantly in the cytoplasmic membrane and to a lesser extent in subcellular membranous structures, which are visible as undefined fluorescent patches within the cytoplasm in Fig (R ϭ F 620 /F 560 ), corresponding to more negative membrane potentials, in the first hyphal segments near the first septa (0.79 Ϯ 0.21, n ϭ 27) than at the hyphal tips (0.47 Ϯ 0.10, n ϭ 27).
In the first image of Fig. 3A this is apparent as more green pixels in the first segment near the septum compared to the tip. This difference in R values (⌬R; calculated as R at the first segment minus R at the tip) was present for all fungal hyphae, indicating that hyphal tips are depolarized compared to the regions near the first septa under untreated conditions. The addition of 10 g of PAF/ml immediately induced a timedependent increase in signal intensity in the first hyphal segments. The fluorescence signal spread from the hyphal tips and proceeded along to the adjacent areas near the septa. In parallel, the ratio of the fluorescence intensities increased, a finding indicative of an overall hyperpolarization of the fungal membranes (Fig. 2D to F and Fig. 3A ; note the appearance of more green and yellow pixels in the last two images of Fig. 3A) . Similar events took place at the hyphal tips as well, although the changes were more pronounced than in the adjacent regions, i.e., the hyperpolarization was more prominent at the tips than near the first septa. This led to a decrease in ⌬R, that is, in the difference between the ratio values in the first hyphal segment near the septum and in the hyphal tip (Fig. 3) . At 80 min after the addition of PAF, ⌬R was essentially zero, indicating that there was no longer any potential difference along the hyphae (Fig. 3B) . PAF-untreated hyphae that were observed during the same time period exhibited neither changes in fluorescence signal distribution nor changes in fluorescence ratios with ⌬R ϭ 0.4 Ϯ 0.13 (n ϭ 3) at the start and with ⌬R ϭ 0.4 Ϯ 0.06 (n ϭ 3) after 80 min, respectively (data not shown). PAF induces intracellular ROS. Elevated levels of intracellular ROS is a major elicitor of PCD. We could previously show the generation of intracellular ROS in PAF-treated A. niger hyphae and the ROS-induced modification of proteins in the cellular extracts of A. nidulans, expressing recombinant PAF (32, 48) . In order to investigate the site of ROS formation in A. nidulans, PAF-treated hyphae were labeled with H 2 DCFDA (Fig. 4A) . The ROS-specific signals were distributed along the plasma membrane and within the cytoplasm (Fig. 4A) and resembled the signal induced with 5 g of nystatin/ml (hyphal wet weight) (Fig. 4B) , which is known to trigger ROS production by the oxidation of the phospholipid moieties of cellular membranes (50) . No ROS specific signals were detected in untreated hyphae ( Fig. 4C and D) .
PAF-treated fungal cells expose PS on their surface and are TUNEL positive. PS exposure on the surface of cells and DNA strand breaks are universal phenomena during apoptosis that occur in most cell types and organisms in response to diverse cell death signals (16, 51, 53, 73) . We tested A. nidulans protoplasts that were either left untreated (control) or exposed to 50 g of PAF/ml for various periods of time. The flip-flop of PS from the inner to the outer plasma membrane was monitored by using Annexin V staining ( Fig. 5A and B) , and DNA fragmentation was visualized by the TUNEL method ( Fig. 5D and E). Annexin V has a high affinity for PS (78) . Therefore, apoptotic cells showed green fluorescence due to PS exposure on the outer leaflet, whereas viable cells had little or no fluorescence ( Fig. 5A and B) . Less than 0.2% of DAPI-positive protoplasts were Annexin V positive at time point zero of the PAF treatment experiment. The percentage of apoptotic cells increased by the addition of PAF to ϳ2.2% after 1 h of incubation versus ϳ0.5% in the PAF-untreated control and proceeded to ca. 24.4% after 3 h of incubation versus ϳ6.1% in the control (Fig. 5F) . Thus, the generation of protoplasts per se induced an increase of Annexin V-positive cells with the time. However, a fourfold-higher percentage of protoplasts exhibiting PS externalization after 3 h of incubation in the presence of PAF compared to the control points to a protein-specific induction.
Another landmark of apoptosis is DNA fragmentation due to the cleavage of linker regions between nucleosomes by nucleases (2, 23) . The labeling of DNA breaks by TUNEL is one of the most reliable methods for the identification of apoptotic cells (7) . Indeed, staining of 3Ј-OH ends of DNA breaks in A. nidulans protoplasts, which were treated with 50 g of PAF/ml, revealed an increase in TUNEL-positive cells compared to the untreated control ( Fig. 5D and E) . Similar to the Annexin V membrane inversion assay, the percentage of TUNEL-positive, nuclei-containing cells at time point zero was Ͻ0.3% and increased to ϳ2.7% after 1 h and to ϳ11.7% after 3 h of PAF treatment versus Ͻ0.6% after 1 h and ϳ1.6% after 3 h in the controls, respectively (Fig. 5F) .
Finally, necrosis was visualized by staining the protoplasts with PI, which tightly binds to nucleic acids and is permeant only to necrotic cells (3) (Fig. 5C ). The number of DAPIpositive necrotic cells did not differ significantly between PAFtreated and untreated protoplasts, although also in this case the number of necrotic protoplasts increased with the incubation time: Ͻ0.2% after 1 h and Ͻ1.2% after 3 h of incubation in the presence of PAF versus Ͻ0.2% after 1 h and Ͻ1.0% after 3 h of incubation in control cultures (Fig. 5F ).
PAF activity results in the disintegration of subcellular structures. Further tests of apoptotic markers were performed by examining the ultrastructure of fungal hyphae in ultrathin sections by TEM (Fig. 6) . Untreated A. nidulans hyphae featured cells with regular submicroscopic structure and clearly identifiable organelles (Fig. 6A to C) . Hyphal segments typically contained several nuclei surrounded by the nuclear membrane and nucleoli were visible in many cases ( Fig. 6A and C) . The numerous mitochondria with membranous cristae always showed well-preserved outer and inner membranes. Vacuoles were small and empty or contained loosely distributed material ( Fig. 6A and B) . The fungal cytoplasmic membrane was visible as a sharp, electron-dense lipid bilayer, surrounded by the cell wall that appeared as a dark inner, finely granular layer and a bright outer fibrous layer ( Fig. 6B and C) .
Compared to the untreated cells, the PAF-treated hyphae showed an abnormal subcellular morphology (Fig. 6D to F) . The cell wall had lost its granularity and its architecture. The shrunk cytoplasm detached from the cell wall and microvesiclelike structures had formed between the cell wall and the cell membrane ( Fig. 6E and F) . In the cytoplasm, mitochondria were less well defined and often displayed discontinuous or missing outer membranes. The nuclear membrane disappeared (Fig. 6D) . Large vacuoles became apparent (Fig. 6E) . With progressing cell injury, no distinct cytoplasmic organelles were detectable, and the whole cell had disintegrated. These features appeared frequently, but not all of them occurred in every cell.
DISCUSSION
We investigated here the role of heterotrimeric G-protein signaling in PAF-toxicity. Previous reports suggested that the cytotoxicity of antifungal proteins could involve the interference with G-protein signaling (19, 70, 77) . Nevertheless, the reported findings are controversial, and the way antifungal activity is connected to G-protein signaling seems to strongly depend on the antifungal peptides tested. Indeed, we could confirm a G-protein-related activity of PAF in A. nidulans by using G-protein mutants. The growth inhibition caused by PAF presumed active heterotrimeric G-protein signaling which was indicated by the reduction of PAF sensitivity of the dominantinterfering fadA G203R mutant FGSC1035. This result parallels the reported osmotin resistance of the interfering fadA G203R mutation in the A. nidulans strain TJY115.4 (19) .
The finding that the ⌬flbA mutant strain RJH046 was similarly affected by PAF as the parental strain FGSC33 supports the hypothesis that PAF needs active G-protein signaling to inhibit the growth of the sensitive organism. This finding is in contrast to the observed osmotin resistance of the A. nidulans ⌬flbA mutant strain TNB39.5 (19) but agrees with findings in Saccharomyces cerevisiae, where inactivation of the flbA paralogous gene sst2 could not prevent sensitivity to osmotin (77) . The fact that the nucleotide analog GTP␥S, but not GDP␤S, negatively affected PAF activity was unexpected because this observation did not match the results gained with the fadA G203R and ⌬flbA mutants. However, one has to consider that nucleotide analogs may interact with various GTP-binding proteins other than the RGS-G␣ pair FlbA and FadA, e.g., the G␣ subunits GanA and GanB or the RGS protein RgsA (15, 29) , or with monomeric G proteins, i.e., Rho, Ras, and Cdc42 (9, 28, 30, 66) , all of which interact with various effector molecules and are intimately involved in diverse physiological functions (1, 11, 36, 54) . Therefore, G-protein inhibition studies with GTP␥S and GDP␤S reflect the response of a complex network of monomeric and heterotrimeric G-proteins to PAF in a wild-type strain and not solely that of the FadA/FlbA system. Based on our previous findings of an active internalization of PAF into hyphae of sensitive fungi (55) , PAF could either interact directly with one of the G-protein subunits-analogous to other toxins (39, 58)-or trigger indirectly a G-proteinbased signal. Alternatively, PAF toxicity may be dependent on the physiological state of the target organism, which is strongly regulated by the concerted action of the different G proteins (1, 49) . However, at present we are not able to discriminate between a direct and an indirect role of FadA-dependent heterotrimeric G-protein signaling in the toxicity of PAF, and thus further analysis of PAF-elicited responses in various A. nidulans G-protein mutants is necessary to understand the signaling mechanism.
Importantly, G-protein signaling could mediate PCD. In contrast to the monomeric G-protein signaling, whose fundamental role in the regulation of apoptosis is well established in higher and lower eukaryotes (53, 65, 80) , the role of heterotrimeric G-protein signaling in the induction of apoptosis has been implicated only recently for higher eukaryotes (36, 60) . Thus far, the pathways involved are still poorly understood, and no evidence has been presented for yeasts or filamentous fungi. However, heterotrimeric G-protein signaling is well known to regulate second messenger levels (e.g., cyclic AMP) and ion channels (18) , which could directly account for the PAF-dependent hyperpolarization of plasma membranes and for the apoptosis-like phenotype described in the present study.
As a consequence of the interaction of PAF with the sensitive mold A. nidulans, the hyperpolarization of the plasma membrane is evoked. The membrane potential in fungi is maintained by active H ϩ ion extrusion (61) , and it is likely that PAF directly or indirectly interacts with the plasma membrane H ϩ pump or, alternatively, it triggers ion effluxes. Indeed, a significantly elevated K ϩ efflux in PAF-treated A. nidulans hyphae has been reported previously by Kaiserer et al. (32) and is in good agreement with the membrane hyperpolarization reported here. Both observations point to the activation of specific ion, most likely potassium, channels. These mechanisms are different from those reported on antimicrobial proteins from bacteria, insects, and humans, which form voltage-gated ion channels with little species specificity in the membranes of target organisms and which exhibit increased biological activity at higher temperatures (8, 20, 31) . This is due to the fact that membrane fluidity is enhanced at higher temperatures and therefore facilitates protein insertion. There are several observations that make plasma membrane permeabilization by PAF via nonspecific pore formation rather unlikely: PAF (i) activates ion channels; (ii) acts only on filamentous fungi; (iii) is actively internalized; and (iv) is equally active at temperatures between 25 and 30°C, whereby its activity slowly declines with higher temperatures (unpublished data). These findings support our assumption that PAF activity is mediated by a specific receptor, which has also been suggested for several plant defensins that show a similar temperature-independent activity (56, 70) . However, no specific receptor has been identified thus far, although such a target for antifungal proteins would provide us with important information about the mechanism of their action.
The hyperpolarization of cellular membranes starts immediately after PAF addition and precedes the appearance of other apoptotic markers. This is similar to mammalian cells, in which membrane hyperpolarization and K ϩ efflux mediate further apoptotic events (59, 79, 81) . Indeed, the intracellular accumulation of ROS is one of the major stimuli for the induction of PCD found in lower and higher eukaryotes (27, 41, 43, 52, 65, 80) . Actually, we demonstrated the PAF-dependent generation of ROS in A. nidulans. The same was previously observed to occur in A. niger hyphae (32) and, hence, the onset of oxidative stress seems to be common in PAF-treated sensitive fungi. In general, mitochondria are the main sources of ROS in aerobic microorganisms and are prone to oxidative injuries and even disintegration, when the imbalance between ROS production and elimination becomes long-lasting (13, 14, 57, 62, 63, 64) . This can ultimately result in the aggravation of the ROS burden for the cell and the release of apoptosisinducing proteins, such as cytochrome c, apoptosis inducing factor, and metacaspases and caspases, which have also been detected in S. cerevisiae (38) and in A. nidulans (16, 71) . Indeed, an aberrant ultrastructural morphology of mitochondria in A. nidulans hyphae became evident after PAF treatment, indicating mitoptosis and malfunction of these organelles.
Further evidence for an apoptosis-like cell death mechanism induced by PAF is given by an increase in the number of protoplasts positively stained in both Annexin V and TUNEL labelings. The translocation of PS from the inner to the outer leaflet of the plasma membrane and DNA fragmentation occur not only in mammalian cells but are also found in yeasts and in filamentous fungi and underline similarities in apoptotic cell death (16, 38, 44, 51) . Furthermore, the lower percentage of TUNEL-positive A. nidulans protoplasts after PAF exposure parallels observations made with phytosphingosine-treated A. nidulans cells (16) and indicates that PS translocation preceded DNA fragmentation.
Finally, the detection of additional ultrastructural changes due to PAF treatment substantiates the occurrence of an apoptosis-like mechanism: the detachment of the plasma membrane from the cell wall, the appearance of microvesicles, and cytoplasmic shrinkage. The formation of microvesicles between the plasma membrane and the cell wall of PAF-treated hyphae resembles membrane blebbing, a major characteristic of apoptotic cells (34) . Similar effects were also reported to be induced by cell wall-active agents, which are promising candidates for antimycotic treatment, e.g., the glucan synthase inhibitor echinocandin and the chitin synthase inhibitor nikkomycin (17) . Both apoptotic and necrotic cell death are associated with the impairment or alteration of cell volume regulation but, in contrast to necrotic cell death, cell shrinkage is a typical feature of PCD (25, 34, 75) .
Although the PAF-induced growth inhibition in A. nidulans revealed numerous markers of apoptosis, it has to be taken into account that necrosis may also be triggered and may be progressing, too. Apoptosis and necrosis can occur in the same cell population and are thought to be elicited by the same signals; thus, the choice between these two outcomes is cell specific and depends on various endogenous factors, e.g., the cellular ATP level or the activation of proapoptotic proteins (26) . Protoplasts from filamentous fungi derive from hyphal segments of very diverse physiological and developmental stages. This explains why both events can be found in PAFtreated cells. Importantly, the percentage of necrotic protoplasts in PAF-treated samples was comparable to that recorded for the controls, indicating that the cell death process evoked by PAF clearly resembled an apoptotic event.
Further investigations of the role of the multiple effects triggered by PAF are needed to elucidate the exact mechanism leading to an apoptosis-like phenotype in sensitive fungi. The data presented here and our recent findings that various mammalian cells, including neurons, astrocytes, skeletal muscle fibers, and endothelial cells from the umbilical vein, remain unaffected by PAF and that PAF also did not induce the production of proinflammatory cytokines (e.g., interleukin-6, interleukin-8, and tumor necrosis factor alpha) (67) indicate that this protein is a promising candidate for the development of new antifungal drugs.
